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SUMMARY

Factorsof stressconcentrationfordeep,sharp,andsymmetrically
arrangedgroowsandfilletsintensionmembershavebeendetermined
photoelasticallyandaregiveninthisreport.Curvesaregivenshowing
thedistributionoftheprfncipalstressesonthesectionthroughthe
grooves.Completeisopachicpatternsforseveralbasiccasesofgrooved
barsareincluded.

INTRODUCTION

Airplanedesignhasalwaysshowna consistenttrendtowardhigher
speeds,largersizes,andhigherwingloadings.Allthesetrendstend
tomakethefatigueproblemmoreimportantinrelationtothestatic
strengthproblem.Thistendencyisaggravatedby improvedmethodsof
staticstressanalysis,whichpermitbetterutilizationofmaterial,and
by theintroductionofmaterialsthathavehigherstaticstrengthwith-
outcorrespondinglyincrease(ifatiguestrength.Becauseofthesetrends,
thefatigueproblemisnowreceivingconsiderableattention.

AspartofthecurrentNACAprograminthisfield,thefatigue
propertiesof severalwidelyusedairframematerialsarebeingdetermined.
Forthispurposeitwasdesiredto designsomestandardizedfatigue
specimensyithstress-concentrationfactorsofknownmagnitude.Holes,
gooves,andfilletsarewidelyusedforthispurposebecausetheyrepre-
sent,to someextentat least,practicalcasesof stressconcentration.
Itwasfound,however,thattherewasinsufficientinformationavailable
onthestressconcentrationsproducedby groovesandfilletsto cover
therangethatwasconsideredimportant.Photoelasticinvestigations
werethereforeinitiatedinordertoprovidethenecessaryinformation.

Thespecificpurposeofthepresentinvestigationwasto obtain
factorsof stressconcentrationforgroovesandfilletsinbarsin
tension,aswellas distributionsofprincipal.stressesalongthesection
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2 NACATN 2442

of symmetrythroughthegroovesforvaluesof r/d from0.011to 0.08,
“

apprcxhately,for D/d= 1.5 and D/d= 2.0.
,,

Theresultsobtainedarelimitedtotheelasticrange.Also,the
stateof stressinthebarsisassumedtobe essentiallytwo-dimensional.

Thestressesintheuniformpartsofthebar,awayfromthecross
sectionthroughthediscontinuities,wereessentiallythesameas
thosewhichresultfromuniformtensionat infinity.

TheinvestigationwasconductedattheIllinoisInstittieof
Technologyunderthesponsorshipandwiththefinancialassistance
oftheNationalAdvisoryCommitteeforAeronautics.

InthisinvestigationthewriterwasassistedbyW. DavidLandsberg,
AssistantResearchEngineerinExperimentalStressAnalysisand
MechanicianinthePhotoelasticLaboratory.Mr.EugeneSetin,student
assistant,workedontheseparationoftheprincipalstressesandonthe
isopachicstresspatterns.It isa pleasureto acknowledgetheirwhole-
heartedcooperation.

SYMBOLS

D

d

r

t

L

A

P

aav

‘Max

n

maximumwidthofmodel(fig.l(a))

minimumwidththroughdiscontinuity

radiusofgrooveorfillet

thiclmessofmodel

axialdistancebetweenloadingpins

minimumornetareaof sectionsthroughgroovesorfillets(td)

resultantaxialloadonmodel

principalstresses;p isalgebraicallymaximmmstressand q
isalgebraicallymi~ stress

averagestressacrossminimumareathroughdiscontinuity

maximumstressat discontinuity

fringeorderatanypoint

.
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NACATN 2442 3.

fringeorderinregionsofuniformstress,

%aX maximumfringeorderat discontinuity

N orderofan isopachiccurve

F fringevalueofmodel,psitension

k factorof stressconcentration

TE5TPROCEDURE

Models

AllmodelsusedinthisinvestigationweremadeofBakelite,
BT-61-893,whichcomesinplates12inchesby 6 inchesby 1/4inch,
approxi~telyo Theblanksforthemodelswerechosenfromthecenter
portionsofthebestavailableplates,thatis,fromplateswhichshowed
thesmallestinitialstresses.Theblanks,whichwerea littleover
4 inchesinwidth,werethoroughlyannealedat 250°to260°F andallowed
to coolslowlyovernight.

Thefirstmodelswere1/4inchthick.Subsequentmodelsweremuch
thinner:0.15or0.1inch.Thethinnermodelswereobtainedfromthe
l/~inchplatesby carefulhand-grinding,repolishing,andreannealing.

‘l’hebasicnotationforthemodelsusedinthisinvestigationis
showninfigurel(a).Thenominaldimensionsofthemainmodelsare
shownintable1. (Seealsofigs.l(b)to l(g).)Themodelswerecare-
fullymachinedona millingattachmentofa 10-inchlatheforwhich
severalspecialjigswereconstructed.

Thegeneralprocedureusedinmachiningthegroovesandfilletswas
to startwiththesmallestgrooves(1/16in.indiameter)andto introduce
successivelylargercutters,maintainingatthessmetimea constant
ratioD/d. Whenintroducingthelargercutters,inorderto save
machiningtime,themachiningcutswerefrequentlyonlyextendeda short
distancefromthebaseofthegroove.Thismodificationoftheshapeof
thegroovesdidnotaffectthevaluesof k. Whenthelargestdesired
valueof r/d wasobtained,themodelwasmodifiedto givefilletsfor
thesamevalueof D/d. Thisproceduremadeitpossibletousethesame
basicmodelforgroovesandfillets.Differentmodels,however,were
requiredwhentheratioD/d waschangedforgrooves.

1
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Equipment
.

Themainelementsoftheequipmentusedinthisinvestigationwere: -

(a)An 8-inchpolariscopewitha monochromaticlightsource(5461-A)

(b)A strainingframewitha hydraulicloadingsystem

(c)An annealingfurnace

(d)A camerawithsuitablelenses

(e)ABabinetcompensator

In additionseveralspecialjigsandfixtures
built. Theseincludedjigsformillingthemodels
applicationoftheloads.

weredesignedand
andclevisesforthe

Onefeatureofthisequipmentperhapsdeservesspecialmention.
Thisfeatureisfoundintheloadingmechanism,whichconsistsofa
double,concentrictaperingtankofrectangularsectionwithsuitable
provisionsforloadinganddraining.Waterfromthecitylinesisused
as a deadweight.Thewaterentersintotheinnertankfromwhichit 1
overflowsintotheoutertank.Theuseofa smallinnertankisto
provideaccuracyatverylowloads.Thetwotanksformoneunitsuspended ~
fromtheendoftheloadingbeamwhichpivotsabouta l/h-inchsmooth
lubricatedpin. Thewholeasseniblyoftankandbeamiscarefullycounter-
balanced.Theamountofwaterineachtankisreadfromscales,which
forma backgroundforglasstubesconnectedtothetank.Thetanksare
carefullycalibratedandtheaccuracyoftheloadsischeckedbymeans
ofa sensitivephotoelasticdynamometerwhichconsistsofa smallBakelite
tensionspecimenwithshallowgrooves.

Thismethodofloadingpermitssmoothcontinuousloadingand
unloadingto a fractionofa pound.

Figure2 showsa photographofthepolariscope,strainingframe,
andloadingmechsmism.

MethodofLoading

Allmodelswereloadedintension.Thefirsttestsweremadewith
modelsinwhichtheloadswereappliedthroughsinglepinslocatedon
theaxisofthemodel.Withthismethodofloading,themodelsshowed
pronounceddeviationsfromthedesireduniformtension.Accordinglyj‘ *
thesinglepinateachendwasfirstreplacedby two
fourpins.Experimentswerealsomadewithfriction

pinsandlater-by
gripsandwhippletree

f
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NACATN 244Q 5

arrangements,as showninfigure3. Testsshowed,however,thatthe
valuesof k wereratherinsensitiveto themannerofloading.The
resultsinthisreportaremostlyfromheadswitha frictiongrippro-
ducedbymeansoffourequallyspacedboltshavingclearanceinthemodel.

Severalprecautionsweretakento assurethattheloadsappliedto
themodelwerepureaxialtensions.Inorderto eliminatebendingand
twisting
inorder
a clevis

oneendofthemodelwassupportedona smoothhardball:Also
toeliminatesmalleccentricities,theloadwasappliedthrough
whichcouldbe adjustedrelativetotheaxisofthemodel.

TimeStresses

A majorcauseoferrorinthedeterminationofboundarystresses
fromBakelitemodelsarisesfromthecompressivestresses,knownastime
stresses,whichformratherrapidlyontheedgesofthemodelindepend-
entlyoftheappliedloads.Inorderto reduceorto eliminatethese
effectstheworkatthepolariscopehadtobe donewithoutinterruption
of delay.Modelswerealwaysphotographedwithin1 hour,oratmost
12hours,aftermachining.In general,goodsuccesswasobtainedin
reducingandofteneliminatingentirelythetimestresses.

Occasionally,unusualdifficultieswereencounteredinthealinement
ofthemodelwhichdelayedthephotographywithconsequentdistortions
intheboundarystresses.In suchcasesthemodelwasgivena high-
temperatureannealing(2600F) overnight,andthemodelwasrephotographed
thenextmorning,oftenwithgoodresults.

Thegeneralprocedurewasto developthenegativesimmediatelyafter
photographingthestresspatternandbeforethemodelwasmuchaffected
by timestresses.

FACTORSOFSTRESSCONCENTRATION

Definition

Thefactorof stressconcentrationk is definedby theexpression,

U- inthesectionthroughdiscontinuity
k= (1)

aav ornominalstressP/A

Fromequation(1) ,.

(2)(J_ = kuav

—. —...— ——-.— .———— —. ——.——-.———. _ .
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r,

Thus,thefactorof stressconcentrationas definedhererepresentsa
correctionfactortotheusualmannerofcalculatingstresses.

Fringe-ValueMethod

Intermsof n and F,

~_%ax?
P/A

(3)

Equation(3)isonebasicexpressionforthecalculationoffactors
of stressconcentration.ThisequationcontainsthefringevalueF.
Themethodbasedonequation(3)willbe referredto asthe“fringe-value
method.”

AccuracyoflRringe-ValueMethod

Fromequation(3)itfollowsthattheaccuracyofthevaluesof k
dependsontheaccuracyofthefourquantities:A, P, F, and ~.

Accuracyofthearea A.-Sincethearea A ofthenetsectionwas
fairlylarge,rangingfrom0.45to 0.2squarefich,approximately,the
accuratedeterminationofvaluesof A presentedno difficulty.

3

AccuracyoftheloadsP.-Theprecautionstakenintheaccurate
determinationoftheloadsP havealreadybeendiscussed.Theseloads
rangedfroma minimumof150to 550pounds,approximately.Theprobable
errorintheseloadswasnotgreaterthan1 percent.

Accuracyofthefiinge valueF.-TheconstantF wasdetermined
foreachmodelfromtwodifferentcalibrationmemberscutfromthemodel
underinvestigation:A tensionmemberanda circulardiskunderdiametral
loads.

Theprocedureforthedeterminationof F fromatensionmodelis
alreadywell-tiownandisfullydescribedintheliterature.Theuseof
thecirculardiskisrelativelynew. ‘I’hismethodhascertainadvantages
overthetensionmodel.Itprovidesanextremelysensitivetypeof stress
patternfromwhichthefringeorder~ atthecenterofthediskcorre-
spondingto a definitediametralload P canbe determinedwithgreat
accuracy.Forsucha diskthefringevalueF isgivenby

.

(4)

——
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.

(equation(4.71)’ofreference1) inwhichR istheradiusofthedisk
and t isitsthickness.Theerrorin F isnotbelievedto exceed
1 percent.

Accuracyof ~.- Thegeneralprocedureinthedetermination

of ~ at thegroovesorfilletswastomakean enlargementofthe
stresspatternandto efirapolatethe p - q curvetothefreebouudary
ofthegrooveorfillet.

Theextrapolationwasfrequentlyperformedseveraltimesto different
scalesin sucha waythattheextrapolatedbranchofthe p - q curve
washeldfairlyclosetothetangentatthelastdefinitepointonthe
curve.

Withalltheseprecautionsthepossibilityofan errorof1 fringe
in10,orproportionateamountsat otherfringeorders,mustbe assumed
to etistforthesmallcutters,2r =“1/16inch and 2r= 3/32inch.
Theseerrorscomeprimarilyfromthepossibleerrorinlocatingthe
positionofthefreeboundary.

Furtherstepsto increasetheaccuracyof k.-In orderto reduce
theerrorsin k asmuchaspossible,twomajorstepsweretaken:
(a)Foroneandthesamemodel,twodifferentloadswerefrequentlyused;
(b)forcriticalvaluesof k,twoandsometimethreedifferentmodels
underdifferentloadswereused.

Allvaluesof k weredeterminedfromphotographedstresspak%erns.
Thegeneralprocedurewastousebrightbac@ounds. Occasionally,how-
ever,bothdarkandbrightbackgroundswereused.

PhotographicMethod

It ispossibleto determinethevalueof k withoutmeasuri~
fringevaluesorevenloads.Thismethodmaybe calledthe“photographic
method”to distinguishitfromthefringe-valuemethod.Thephotographic
methodrestsontheassumptionthatthestressessomedistancefromthe
discontinuityareuniformandthattheycanbe accuratelydetermined
optically.Thebasicequationinthismethod

k==
~D/d

is

(5)

However,becauseofthefactthatthevaluesof ~ were,in
thisinvestigation,inherentlylow- oftheorderofmagnitudeofone
fringe- theaccuracyofthismethodwasnotbelievedtobe asgoodas
thatofthefringemethod.Anothercomplicationarosefromthefact

—.——. .–——.—— . ..—.- . . .—— -—. —.—— —— -—



8 NACAm 2442

thatgenerallynotrueunMormtensionwasdevelopedinthemodels.
Theuseofanauxiliarynsrrowshankto obtaina uniformstressof a
relativelyhighvaluewasinthistivestigationQractical. The
fringe-valuemethodwasthereforeadoptedandusedthroughoutthe
investigationalthoughseveralvaluesof k werecalculatedbyboth
methodswithsubstantiala~eement.(SeetableIE.)

PRINCITKGSTRESSES

Exceptforpointsonfreeboundaries,thephotoelasticstress
patternsprovideonlythevaluesof p - q, thatis,”thevaluesofthe
differencebetweentheprincipalstresses)butnottheprinciPalstresses
themselves.A varietyofmethodsexistforthedeterminationofthe
principalstressesfromphotoelasticdata.Someofthese,likeFilon’s
graphicalintegrationandthesheardifferencemethod,requiretheuse
ofisoclitics(reference2, chs.8 and9). Othersrequiremeasurements
ofthechangesinthethicknessofthemodelproducedby thestresses
(reference1, ch.7). Thesedeformationsareobtainedbymean~of sensi-
tiveinstrumentswhicharelmownaslateralextensometers.

A thirdgroupofmethodsutilizesonlythefreeboundarystresses
obtainablefromthestresspatternsandrequiresneitherisoclinicsnor
measurementswithlateralextensometers.To thisgroupbelongtheslope-
equilibriummethod(reference2, ch.7) forthedeterminationof p
and q on sectionsof symmetryandthenumericalsolutionofLaplace’s
equationfortheevaluationof p + q atanyinteriorpoint(reference1,
ch.8).

Afterconsiderablepreliminaryworkwithseveralofthemethods
mentionedabove,twomethodswerechosenandusedto obtaintheresults
givenin

(a)

(b)

The

thisreport:

Theslope-equilibriummethod,

ThenumericalsolutionofLaplace’sequationwithconformal
transformations(reference1, ch.9).

theoryofthese
theirapplicationcanbe
(references1 and2).

methodsaswellasnumerous
foundinthewriter’sbooks

ISOPACHICPATTERNS

examplesshowing
onphotoelasticity

I

b isopachiccurveisa curveofconstantp + q. Suchcurvesare
analogoustothe“fringesinthephotoelastic’stresspatternswhichare
thelociofconstantvaluesof p - q. Theisopachicpatternswerecon-
structedfiamthevaluesobtainedfromthenumericalsolutionofLaplace’s

-,

.—
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equationby iteration.In general,theisopachicpatternsprovidethe
necessaryandsufficientdatafromwhich p + q ateverypointinthe
barcanbe calculated.Specifically,

p+q=CN (6)

inwhichN istheorderoftheisopachiccurveand C isa constant
forthemodel.Thecurveswereconstructedina mannertomakethe
constantC equaltothefringevalueF ofthemodel.

By combiningthevaluesof p + q fromtheisopachicpatternswith
thevaluesof p - q fromthestresspatterntheprincipalstressesp ,
and q canbe foundatanypoint.

RESULTSANDDISCUSSION “

Resuits

Factorsof stressconcentration.-Valuesof k forgrooveswith
D/d= 1.5 and D/d= 2 aregivenintableIIIandinthecurvesof
figure4. SimilarresultsforfilletsaregivenintableIVandinthe
curvesoffigure5. Figures6 and7 showcomparativecurvesforgrooves
andfilletsfor D/d = 1.5 and D/d= 2,respectively.

l%??inCipalstresses.-Theprincipalstressesp and q forthe
sectionsthroughthegroovesaregiveninfigures8 and9.

Isopachicpatterns.-Figure10 showsisopachicpatternsforseveral
basiccasesofgroovedbars.

Typicalphotoelasticstresspatternsforfilletsandgroovesare
showninfigures11to 15. Figure15 showstheclarityofbo@iary
stressesobtainedfora l/16-inchcutter.Inthispatternthedistance
betweenthelasttwofringesislessthan0.002inch.InHy casesit
wasabout0.001inch.

Becauseofthisextremelysharpgradientofthestressesatthe
boundariesofthediscontinuities,lateralextensometerswereruledout
as suitableinstrumentsforthedeterminationofthesumsoftheprincipal
stresses.

GeneralObseHtions

Inbothgroovesandfilletsfactorsof stressconcentrationincrease
sharplyas r d becomeslessthan0.05.-Forgrooves~fig. the
increasein k correspondingto a changein r/d from0.05toO.O2

.——.. ——___ ——. ___ _ ——— —..
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u

is~.and52percent,appro-tely, for D/d= 1.5 and D/d= ~,
respectively. .

Thecorrespondingvaluesforfillets(fig.5) are 34and37percent,
ap~roximately.‘Thetrendforfilletsisthesameasforgrooves.How-
ever,thequantitativeeffecton k resultingfroma reductionin r/d
is smallerforfilletsthsmforgrooves.

Inbothfilletsandgrooves,valuesof k increasewith D/d.-
Inspectionoffiguresk and5 showsthatforbothgroovesandfillets,
at r/d= 0.02,theeffectofchangingD/d froml.~to 2 istoproduce
an increaseof20percent,appro-tely, inthevalueof k.

Effectofgrooveson stressconcentrationis considerablygreater
thaneffectoffillets;that is,forthesame D/d and r/d grooves
yieldlargerfactorsof stressconcentration.-Theeffectofgrooves
increasesas r/d decreases.Thisisclearlyshownbyfigures6 and7.
Specifically,at r/d= 0.02 and D/d= 1.5 grooves yieldvaluesof k
whichare52percentgreaterthanthoseproducedby fillets.Forthe
samevalueof r/d md D/d= 2,theincreaseisk6percent.

For r/d= 0.05‘thecorrespondingincreaseis35percentfor
D/d= 1.5 and33percentfor D/d= 2. Theeffectisthusessentially
thesameforbothvaluesof D/d.

?
Factorsof stressconcentrationforgroovesandfiKletsareessen-

tiallythesameforseveraltypesof loadingemployed.-TableV showsno
sigdficantchangeinthevalues of k fortheseveraJ methodsofloading,
evenfor r/d= 0.0109and0.0165,whichareextremelysensitivecases.
For r/d= 0.0109thefactormies from7 to 7.1,appro-tely, for
loadsappliedthroughfourpins- twooutsidepinsandtwoinsidepins-
andbymeansofa frictiongrip.5E is a negligibleeffectwellwithin .
theexperimentalerror.It shouldalsobe observedthatthesamecon-
stancyof k isfoundintheshort9-inchplateandinthelonger
12-inchplate.Sincethetechniqueandtheprecautionstakenwerethe
samethroughouttheinvestigation,itmustbe concludedthatthestress
concentrationfactorsarenotmateriallyaffectedby themannerofloading,
andthat,fortheparticulartypesofloadingemployed,thevaluesof k
areessentiallyequaltothoseproducedby puretensionat infinity.

Previousworkhasshownthatthevaluesof k area functionof L/D
(fig.l(a)) atleastwheretheloadsareappliedbymeansofa singlepin.
Cautionmustthereforebe exercisednotto givetheaboveresulttoo
greata generality.Itisreasonablycertainthatforbarswithsmall
ratiosof L/D,thefactorsofstressconcentrationw&ld showconsider-
abledeviation.Thisaspectneedsfurtherstudyandclarification. .

——— ———-
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Figuxe13 shows
hasnoeffectonthe

11

thatthemodificationoftheshapeofthegrooves
VdlES of k.

“

Largestressespenetrateonlya verymall distanceintomaterial.-
Thus,for D/d= l.p and r/d= 0.011approximately,thevalueof p for
groovesdropsfroma maximumof 7.07P/Ato about 3.5P/Aina distance
of r/2 measuredfromtherootofthe~oove (seefig.8(a)).

Transversestresees.-Transversestressesq (figs.8 to 10)areall
tensileandtheyreachtheirnwdmumvaluesatpointsveryclosetothe
rootofthegrooves.Thedistancefromtherootofgroovetothemax-
imumvalueof q isoftheorderofmagnitudeof r/2. = general,
themaximumvaluesof q increaseas r/d decreases.At r/a=O.011
and D/d= 1.5, q- = 1.5p/A~aPProx*telY.

Precision

Theprecisionofphotoelasticresultsdiffersconsiderablyfor
differentaspectsof”theproblem,suchasvaluesof -p- q at interior
points,boundaryvalues,and-soon. Theprecisionmayfurtherdiffer
foroneandthesameaspect.Thus,theaccuracyof p - q dependsin
a largemeasureonthemagnitudeofthefringeordern atthepoint
underconsideration.

Errorsin p - q.- Thehighestaccuracyis,ingeneral,obtainable
, for p - q at interiorpoints.Heretheerrorscanbe Yeducedto a

fractionof1 percent.

Errorsinvaluesof k.-Thenexthighestaccuracyobtainablephoto-
elasticallyisforboundaryvalues.Ingroovesandfilletswitha value
of r/d greaterthan0.05thereisno difficultyin obtainingstress
patternswitha fringeorderofat least10atthediscontinuitydeter-
minedaccuratelytowithinone-fourthorevenone-eighthofa fringe.

Sincethemajorerrorsin k aredueto errorsinthevalueofthe
maximumfringeorder,thisistantamountto sayingthatfor r/d~ 0.05
theerrorin k canbekeptto about2 percent.

However,whenstudyingfactorsof stressconcentrationforvalues
of r/d lessthan0.05,bymeansofrelativelysmallmodelsinwhich
cutters1/8or1/16inchindiameterareemployed,theerrorsinthe
maximumfringeordermaybe considerablygreater.As alreadypointed
out,thelargestressesat sharpgroovesareconfinedto a verysmall
space.Specifically,fora cutter1/16or3/32inchindiameter,there”
maybe threeorfourfringesina spaceof0.cD6to 0.008inch.The
fringesarethusverycrowdedandhaveanextremelysharpgradient.The
determinationofanaccuratevalueofthemaximumfringeorderdepends

“

. . . . —.._—__ .—— -. —- .— ..-.
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.

ontheabilityto locatewithprecisiontheboundaryofthegrooveor
fillet.An errorinthepositionofthetrueboundaryof0.002inch
oreven0.001inchis sufficientto introduceanerrorofasmuchas .
one-halfto onefringe,dependingonthemagnitudeofthemaximumfringe
order.Theresultingerrorsin k mayundertheseconditionsreach
valuesfrom5 to 10percent.Thiswouldseemtobe theprobablerange
oferrorinthevaluesof k for r/d~ 0.02.

An examinationofallthefactorsenteringintothecalculation
of k wouldleadonetobelievethatthevaluesof k obtainedphoto-
elasticallyandgiveninthisreportareconservativevalues.

Errorsinprincipalstresses.-As farastheprincipalstressesare
concerned,hereagainonemustdistinguishbetweentheaccuracyinthe
p stressesandthe q stresses,thatis,betweentheaccuracyofthe
largestressesandthesmallstresses.Theaccuracyofthelargestresses
isrelativelyhigh. Specifically,theerrorsinthevaluesof p, when
theyaregreaterthan P/A, areprobablyofthesameorderofmagnitude
astheerrorsinthevaluesof k.

Thegeneralshapeofthe p curvesgiveninthisreportisbelieved
notto differmuchfromtheirtrueshapes.Thesecurveshavebeencon-
structedtomeetessentiallyalltherequirementsof staticsandconti- 2

nuity.Thestaticcheckinthedistributionof p iswithin2 to
6 percent. .

Thepositionofthemaximumq stressesmaybe asstiedtobe very
accuratelylocated.Theywerefoundfromthezeroisoclinics.The
magnitudesofthe q stressesarerelativelysmall.andtheiraccuracyis
thereforeinherentlylowerthanthatofthe p stresses.However,these
stresseshavebeendeterminedin severalwayswithsubstantialagreement.

Comparisonof

Figure16showsa

TheoreticalandPhotoelastic

forDeepGroovesinTension

Valuesof k

comparisonofthephotoelasticvaluesof k with
thoseobtainedby l?euber(reference3). Itshouldbeobservedthat
I?euber’scurveisbasedontheoreticalvaluesof k fordeepandshallow
groovesandthatinbetweentheseextremesthiscurverepresentsresults
froman interpolation.

Inspectionofthecurvesshowsthatfor D/d= 1.5 thetwocurves
practicallycoincide.For D/d= 2 theexperimentalresultsare

~e,..-
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somewhathigherthanthosegivenbyNeuber.It isbelievedthatthe
photoelasticvaluesrepresentthebetterapproximation.

IllinoisInstituteofTechnology
Chicago16, Ill.,April7, 1949
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TABLEI.- NOMIIIALDIMENSIONS OF M41N MODEM

[ 1For notation aee fig.l(a)

Model
(i:.) (:. ) (1:.) (i:.)

D/d L/D (psithsion)

A,.~V’OS 2.kj 1.63 % 0.147 1.5 3.4 605

B,’fillets 2.40 1.60 + 0.147 1.5 3.4 w

B’, fillets 2.30 1.53 + 0.102 1.5 2.8 m

c, grooves 4.25 2.83 1$ 0.158 1.5 2.4 546

D, fillets 4.00 2.70 1* 0.108 1*5 2.5 798

E, fillets 4.00 2.03 1+ 0.108 2.0 2.5 ‘ 798

F, @MV’eS 3.% 1.95 1+ 0.150 2.0 2.8 585

G, fillets 3.80 1.90 1+ 0.150 2.0 2.8 585

H, ~OOVeS 1.75 1.17 1+ 0.085 1.5 5.8 1015

.. .
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TABLEII.- COMPARATIVEVALUESOFFACTOROFSTRESS

PHO’IWRAPHIC

MEI’EODS

CONCENTRATIONk FROM

ANDl?KQ?GE-VISIXIE

D/d r/d

k I

Fringe-
value

.method

7.09 4Photo.graphic
method

6.65

(:) ‘U@

0.901/161.500 0.0109 9.05

1.500 0.0165 0.93 7.45 5.67 5.35 I

I..508 1/8 7.45 4.820.0222 1.09

.

.- ——— -- —— . .. .—. ..— —.- ..-— — .. —-
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TAIimnI.—nATAFoREmE9sccmcEmumONFACTORkFOR
TIIREEMoDEwmlTEoRm

D/a r/d A=ta
(%) (Sqill.) (:b) “’T,;;’A ~ k

.

ModelA

1.4-!72 0.0187 1/16 0.243 1-59 654 5
187 m

0.242
249 lc@

0.241 285 u81

303 =59
0.241

433 1800

5.84 5.40

5.76 k.52
1.494 0.0281 3/32

7.64 4.50

l.~ 0.038 1/8 7.8

7.5

4.(M

3.63
0.0475 5/321.505

10.82 3.64

1.5-1oI 0.05’7I 3/16 0.238 321 @=8

m 1046
0.239

w 2147

264 1.113
0.237

4% 2074

7.45 3.34

5.55 3.21

11.5 3.23

5.55 ‘2.97

1.5q’ I 0.067 I 7/32

1.502I 0.0768I 1/4

.

.

ModelC

0.452 347 7(23 9.%5 7.09

0.449 314 7@3 9.05 7.07

319 TL6 7.45 5.67
0.446

332 745 7.70 5.65
1.50

I
0.0165

I
3/32

l.m 0.0222 1/8

370 835 6.35 4.15
0.443

423 954 “7.33 k.lg

465 lqxl 7.35 3.80
0.442

524 1184 8.32 3.84

Mel F I
2.lxnI o.o159 1/16I O.& l’a1845 %--l-%2.002I 0.0238 3/32I 0.295 1’2731925

1/8 o.= 344 1167

5/32 O.w 438 1485 =-l-+-i
+

2.cK14 0.0477

2.000 0.0638

2.001 0.0%6

3/16I 0.295 I 44’2 I 1498

9.13I 3.62I

8.2 I 3.35I

2.001I 0.0967I 3/8 I o.2e9 I 533 I 1845 . 3.08

&

I
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.

DA!TAFORSTRESSCONCENTRATIONFACTORk FOR

PIA * kD/d r/d
(:.) (:q=i:) (% “atp:i)

ModelB

l.~ 0.0488 5/32 0.234 481 2060 8.85 2.60—

1.X 0.0586 3/16 0.234 475 2027 8.5 2.54

1.50 0.0683 7/32 0.234 487 2078 8.35 2.43

1.50 0.07% 1/4 0.235 268 1142 4.35 2.30

ModelD

1.500 0.0116 0.293 364 1242 6.58 4.22
1/16

1.504 0.0118 0.287 430 1497 7.85 4.20

1.499 0.0174 0.291 501 1721 7.8~ 3.62
3/32

1.504 0.0176 0.287 477 166) 7.48 3.60

521 1790 7.54 3.36
1.499 0.0232 1/8 0.291

525 18Q4 7*55 3.34

1.499 0.0348 3/16 0.291 526 1807 6.75 2.98

ModelE

2.005 0.0157 1/16 0.2128 289 1358 8.06 4.75

2.005~ 0.0238 3/32 0.2128 343 1612 7.8 3.86

2.005 0.0317 1/8 0.2128 373 1750 7.55 3.45

2.003 0.0472 3/16 0.2149 339 1577 6.07 3.08

374 1740 6.24 2.86
2.010 0.0628 1/4 0.2149

434 2020 7.3 2.88

——.--. — .. ———— —.. ——_____ -—.— -- .-— — ——
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.

TABLEv.- EFFECTOFDIFFEMXWTYPESOFLoADING

ONVIUmESOFSTRESSCON~ OMFACTORk

Mdel C

P/24-

0

0

Type4

0

0
-%

o

0
P

o

0

Type5

P/2+

Type2 Fk5ctiollgrip
(fourapproximately

.

(2.)D/d L/D

+-l-+=
1/16 2.41.50 0.0109

I 7.12

H--+-
0.0165

.

2.4I 4 I 5.74 3/321.50

[51 3.67

H--l-+%
1/8 2.41.508 0.0222

I 4 I 4.95

I 5 I 4.82
,-/

— . . . .. —
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-4=+

.

. Figure1.-

-—-
‘\1
I
I ,

I
i
I
I
I
I
1
k-–-d-.

J I

-+--@-

0 .— -

1/
I
I
I

I
I
I
I
I
I
I

I

c------D ●

t-thickness

1-

-+- -o--+-+

L

r

(a)Basicnotation.

Sketchesshowingbasicnotationformodelsand
modeisA, B, C,D,E, andF. .

dimensionsfor

.._____ .—...__ ..__ —.—— . . .. . ....— —— ——.. ———
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.

+

(b)ModelA. t = 0.147inch;F = 605psitension;D =2.~3 to
2.~8 inches;d = 1.619to 1.656inches.

.

.

.

.

I

(c)ModelB. t = 0.147inch;F = 605psitension;D = 2.398to
2.W3 inches;d =-1.599to 1.602inches.

Figure1.-Continued.

.

—.— ——— ——
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(d)Wdel C. t = 0.158inch;F = 546psitension;D = 4.230to
4.285inches;d = 2.800to 2.860inches.

(e)ModelD. t = o.1o8inch;F = 798psitension;D = 4.04to
4.07inches;d = 2.695to 2.713inches.

Figure1.-Continued.

.

——. . .. —.— ——~ .. ———.-.— . .— ——— -...———— —-
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(f) ModelE. t = 0.108 inch;F = 798psitension;D = 3.95to
4.00inches;d = 1.9’7to 1.99inches.

=;-5’8”
1

(g)ModelF. t = 0.150inch;F = 585”psitension;D = 3.879to
3.937inches;d =-1.939to i.g68inche~. - “-

Figure1.-Concluded.

.

1

.

——.—
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.

EL----

8’
~_.. . .

r- -
.

I

I

IiEiksk
.

II

,’.l_ -

m!nt.

Figure2.- Laboratoryviewshowingpolariscope,strainingframe,hydraulic
loadingsystem,andfurnace.A Bakelitemodelofa barwithsharp
filletsisinthetestingmachine.

—..__
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I

I

I

7ttkkH -i l-2r

‘w:::= ‘-HI--P
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\
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II

1’

4

\ \

4+ ~ ~
3

0 MODEL A L ~ ~ — ==
-. _-

● MoDEL C

O MODEL I=

2
S MODEL H

a PREVIOUS WORK ~-
<-

I
0 .01 .02 .03 .04 .05 .06 .07 .02 ,09

ri +
d

Figure 4.- CurveE of stress concentration factor k for a bar with grooms
In tension.
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“ mMODEL B
I o MODEL D ,, .
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01
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Figure 5.- CurveE of stresu concentration factor k for a bar with filletB
in tennion.

N
m



,1

I

I

8

I I ,1

k

.

0 .O1 .02 .03 .04 .05 .06 .07 .08 .09 .
r/’

Figure 6.- Comparative curves of k for bars in tension containing
grooves or fillets, D/d = 1.5.
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o .01 .02 .03 .04 ., .05 .06 .07 ,08 .09 ~
‘/ d

Figure7.- comparative curves of k for bars In tendion containing
gooves. or fillets. D/d = 2.
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k=7.07~

Fd’ h+=L
D—

‘/d=L5

k-Zr= !@”
Vd=.0109

P

(

i

‘7-
5.0

1A
6

INGES,n

4.0 ~

-l-k3.0 4

&~
I

3-
2.0

II (p)
ax=148 ‘–– –

(q)
Lo .

I

EJCTav=L28FplNGES ,
———_—— . ~,---- __ J

i
---—_ -

M - -->—-.;
Inh I 9 = A hIn3

T--%%’ “’ ““ ““ ‘“,_ ~ (xfrom rootof groove) I
d/~

— — !

(a)ModelC;D/d= 1.5;r/d= 0.0109;2r= 1/16inch.

Figure8.-Distributionofprincipalstressesp and q for
throughgroovesobtained~y

—.—— ___ —.

slope-equilibriummethod.

—- -— ....

section

—-—— .—
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k=

.

mP

5.67

&l=*&42r5.0-

L=D+

‘/d‘ 1.5
‘r =3/3;
~, =Q165

P

5.0

4.0

3.0

20

t

4.0-

13.0-

.<

t

—1 II\

\ =s=
W CTav= 1.31FRINGES I~-

———. .——————
I _ ~~J —. .———_

3/3~4 ——I
‘M Jx .2 .3 4

\
~~z) (x-from root of groove)

10.5’
# +

dh v

(b)ModelC;D/d= 1.5;r/d= 0.01-65;2r = 3/32inch.

Figure8.-Continued. -
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31
,

tp “

“2r

\*’k=q.is i)max=S.35
4.0 ~

3.0 5-QA

4- ‘ FRINGES,

x

Ii,154

3

II (p)

t

.“

n. .

L.-J _

[

2 \ r
IJZUav = 1.53FRINGE= I

; i__
I

,6M V I I l–––—~––~-+––k––iv L 1 I ! I I

Ic> ?M-“’“2 3 4 r .9 Lo
,, &j (X-fmfn root of groove)

1 d/2

,,.

(CjModel”C;D/d= 1.5;r/d= o.033k;

Figure8.--Concluded.

a = 3/16 inch.
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l+k=7.2 rn~. J().4
7.0 0

.

6-M

ill!5

3

p)

d’
5.0-7

5--
3.0 4-

2.0 z --
I

~ Cav= Ii-FRINGES

I
v

(a)ModelF;D/d= 2.0;r/d= 0.0159;2r = 1/16inch.

Figure9.- Distributionofprincipalstressesp and q forsection
throughgroovesobtainedby usi@ valuesof p + q fromisopachic
patterns.

— —. ..——=
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P

33

P

k=5.51~max= 8.7

5.0

7-““
40

6--

3*Q5-‘-

4--

n

5.al_

5.o_

4.0..

I
3.0

&g

2.0
3 -{

i
qmax=I.Q mow= 158FRINGES

.
I —4

\ I (p-q) .
v

O ‘M 2 .3 1.0
- *; (x-from rOOtof groove)

I

(l))

~di’~
ModelF;D/d= 2.0;r/d= 0.0238;2r = 3/32inch.

Figure9.-Continued.

.— —— ———-———. — ——— ———._ .. —. ..— — ..—. — .
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.

ivD/d=l.5
zr = ‘/8”

r/d = .022

P

I k=4 nmx = 7.45

IL 7
F)jj

6
K

Fringes,n

f

I

3 -

1

●

I

(c)ModelC;D/d= 1.5;r/d= 0.0222;

Figure9.-Continued.

a . 1/8 inch.
.

_—- — ——
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.

k=3.8~

3.0

k

k=3.8~rtmax=z35 ~I – —-—u&

,~1
f Ic O ME
6

3.0 VA
FRINGES,n

5 -’

2.0 – -

————-___

Ic

1:.uf-\l/ I I I I I f-1 I

(d)ModelC;D/d= 1.5;r/d= 0.0447;2r =’1/4 inch.

Figure9.-Concluded.

.
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.

1.
\

3+-#

k=7$!

I

—-

,

t
P= 250 lb

(a) ModelF;D/d= 2.0;r/d= 0.0159;2r=

Figure10.- Isopachicpatternanddistributionof
sectionthroughgroovesobtainedfromnumerical
Laplace’sequation.

1/16 inch.

p and q across
solutionof

— —.—— — . .. —
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I
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i
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,

—.

I
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2 ——

*273lb

ModelF;D/d= 2.0;r/d= 0.0238;2r= 3/32inch.

Figure10..Continued.

— .. ——. ——. .. ——— ——



.

i

———

—-

1

(c)

I@

@x?z2
2P*”

k

e
v(q)

$.s2

4

3
I

i?

I
hx.o.78f

--—

I-374 [b

ModelC;D/d= 1.5;r/d= 0.0222;

Figure10.-Continued.

2r= 1/8 inch.
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4

——— ——_.

39

% =1.5
~~.~
Vd=.0447.

---3

I

E (P)

~uov=~A—— —_

-.7

Y(q)
——. —.

— —

P=46Slb

(d)ModelC;D/d= 1.5;r/d= 0.04-47;2r= 1/4inch.

Figure10.- Concluded.
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(a) r/d = 0.0397; * = 5/32 inch;
P . 360pounds;aav = 1220 psi.
Groovemodifiedto reducetimeof
mchining;modificationdoesnot
affectvaluesof k.

\P“”-4
-

(c)r/d= 0.0238;2r = 3/32inch;
P = 273paunds;Uav= 925psi.

NACA m 2442

,.

i

k

(b)r/d= O.0318;2r = 1/8inch;
P = 344po~ds;aav= 1167psi.
Groovemodifiedto reducetimeof
machining;modificationdoesnot ‘ .
affectvaluesof k.

(d)r/d= O.0159;2r = 1/16inch;
P = 250po~ds;aav= 845psi.

FigureIl.-Typicalstresspatternsof~oovesfrommodelF. Tensile
loadsinhorizontaldirection.D = 3.879to 3.937inches;nominal

D/d= 2.00;L = lx inches;t = 0.150inch;F= 585psitension.

.— ——
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(a)r/d=O.0164;2r= l/16inch;
P = 323pounds;aav= 1130psi.

41

.

(b)r/d=O.02k6;2r=3/32inch;
P= 379pounds;Uav= 1320psi.

(c)r/d= 0.0328;% = 1/8inch;
P = ~~ pounds;Uav= 1900pSi.

(d)r/d= 0.0491;!2r= 3/16inch;
P = 635po~ds;~av= 2210PSi.

Figure12.-Typicalstress patternsoffilletsfrommodelG. Tensile
loadsinverticaldirection.D = 3.822inches;nominalD/d= 2.00;

, L = lx inches;t = 0.150inch;F = 585psitension.

-..—.-— . . .—. -z —. — —.-—._——.— ..
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(a)Modell?;modifiedgrooves.

NACATN 2442

.

(b)ModelF; strai@tgroove~.
T

Figure13.- Stresspatternsofbarswithgroovesshowingthatmodifica-
tionofgrooveshasno effecton k. Tensileloadsinhorizontal
direction.r/d= 0.0805;a = 5/16inch;P = 413pounds;

= 1430psi;D = 3.879inches;nominalD/d= 2.00;L = %
1 3 inches;

‘av
t = 0.150 inc~,F = 585 Wi tension.



43

.. —

(a) Motil G; T/d = 0.0@5; 2r = 1/4inch;P =
665Po~ds;aav= 2310T8i.

,.

. .

1/16 inch;p = 3@powds; aa~= 1190 PSi.
(b) ModelG;r/d= 0.0164; 2T =

@j.gure14. - Stresspatte~ ofbarswithfillets.Tensileloatiinhori-

zontaldirection.D
= 3.822inches;D/d= 2.00;L= l$tiches;

t= o.150inch;F = 585pi temion.
__— --——--_— —-——-----

————————--”

._. —.— .. ..——-—----’------’”
_ -.
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. .

Figure15.- Stresspatternforbarwith
twofringesislessthan0.002 inch.
2/r= 1/16inch;P = 189pounds;Uav
nominalD/d= 1.50;L = 1 1 inches;
tension. %

grOOVeEI;distancebetweenlast
ModelH;r/d= 0.0268;
= 1910psi;D = 1.745inches;
t = 0.085inch;F = 1015psi

.— -——— ———.-. —. —
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